Inadequate disposal practices of chlorinated solvents have resulted in the widespread contamination of groundwater with trichloroethene (TCE), a known toxin and suspected carcinogen. In situ biostimulation via anaerobic microbial reductive dechlorination is an attractive remediation strategy for TCE due to low operation and maintenance costs and minimal secondary-waste production relative to traditional extraction methods. Direct addition of nutrients such as electron donors to the contaminated subsurface can stimulate the activity of indigenous microbial communities. After oxygen is consumed, anaerobic populations reduce alternative electron acceptors such as nitrate, ferric iron, sulfate, and carbon dioxide (10) . Chloroethenes can also be used as terminal electron acceptors (37, 41, 48, 49) , a process known as dehalorespiration, whereby hydrogen atoms sequentially replace chlorine atoms, leading to detoxification of the chloroethene molecule.
Numerous pure strains that either respire or cometabolize chloroethenes have been isolated. Cometabolism of chlorinated compounds, although poorly understood, appears to be common among some anaerobic Bacteria such as the Clostridia and the homoacetogens (7, 19, 78, 80) . The enzymatic reactions responsible for these fortuitous degradations, however, may be limited to the highly chlorinated compounds tetrachloroethene (PCE) and TCE. Conversely, dehalorespiring organisms couple chloroethene reduction to energy generation, which increases degradation rates and often results in reduction of the less chlorinated compounds cis-dichloroethene (DCE) and vinyl chloride (VC) (37, 39, 77) . Many gram-negative Bacteria can couple the oxidation of organic acids or hydrogen to the reductive dechlorination of PCE or TCE to cis-DCE, including Desulfuromonas chloroethenica (45) , Desulfuromonas michiganensis (76) , Sulfurospirillum multivorans (previously classified as Dehalospirillum multivorans) (51, 67) , and the facultative anaerobe strain MS-1 of the family Enterobacteraceae (69) . In addition to the gram-negative Proteobacteria, several species of gram-positive bacteria, including Dehalobacter restrictus (38) and members of the genus Desulfitobacterium (24, 28, 47) , dehalorespire using PCE or TCE as the terminal electron acceptor.
Efficient, complete reductive dechlorination of PCE and TCE to ethene has been documented for numerous mixed cultures (5, 25, 64, 77) . The first isolate found to be capable of energetic dechlorination of PCE to ethene was Dehalococcoides ethenogenes strain 195, although VC reduction was cometabolic (55, 56) . In contrast, the isolate Dehalococcoides sp. strain BAV1 demonstrated energetic dechlorination of cis-DCE and VC, but dechlorinated TCE only cometabolically (32, 33) . To date, all isolated Dehalococcoides spp. have been demonstrated to use only hydrogen as an electron donor and halogenated organic compounds as electron acceptors (1, 33, 56) .
While efforts to understand the dechlorinating physiology of isolated microorganisms are of unequivocal value, it is likely that interactions among multiple populations in complex communities are essential for dechlorination in the field. The nature of these complex communities and interactions pertinent to the dechlorination process remain largely unknown. Detailed characterization of an actively dechlorinating community from a field site may provide insight into interspecies relationships, thereby guiding bioremediation optimization efforts.
A plume of TCE-contaminated groundwater lies beneath Test Area North (TAN) at the U.S. Department of Energy's Idaho National Engineering and Environmental Laboratory. The plume emanates from a residual source that resulted from the disposal of mixed wastes composed of TCE, raw sewage, and radionuclides through an injection well (58) . The aquifer resides deep within fractured basalt, making contaminant characterization and ex situ remediation difficult and expensive. TCE concentrations of at least 32,000 g liter Ϫ1 have been measured within the plume that spans an area of approximately 1 by 3 km and extends from 64 m to greater than 155 m in depth (74) .
In 1999, a field evaluation of in situ biostimulation of anaerobic reductive dechlorination was begun at TAN. Lactate was injected into the TCE source area on a weekly basis from January until early September. The lactate was rapidly fermented to acetate and propionate, with subsequent production of small quantities of butyrate in the areas of highest electron donor concentration (54, 72) . At the end of 8 months of regular lactate additions, molar concentrations of ethene generally exceeded the initial TCE concentrations throughout the treatment zone (73) . Bioremediation was selected to replace the pump-and-treat method for remediation of the source area, and lactate has been injected every 6 to 8 weeks from February 2000 to the present. The purpose of the study presented herein was to describe the complex microbial community at TAN that has been enriched from regular lactate amendments to the subsurface and that is responsible for the complete dechlorination of TCE to ethene in situ and to compare and contrast a TCE-dechlorinating enrichment community to the field community from which it was derived in order to determine its representativeness. Groundwater was collected with a Redi-Flo 2 submersible pump (Grundfos) by a low-flow technique. Three in-line volumes were purged from the well before the samples were collected in sterile screw-top bottles, filled completely to minimize exposure to air.
MATERIALS AND METHODS

Collection
Establishment of a TCE-dechlorinating consortium in the laboratory. An anaerobic TCE-dechlorinating culture was established in the laboratory in a bioreactor designed entirely of glass and Teflon to ensure anaerobic conditions and minimize adsorption of chlorinated organic compounds to the system. To fabricate the bioreactor, the top of a glass vacuum flask was sealed shut and a 1-cm (inside diameter [i.d.]) glass sampling port with a glass stopcock and Teflon septum was attached to the bottom for removing liquid samples from the bioreactor. A second glass port was attached to the flask near the top and sealed with a Teflon-lined screw cap for headspace sampling.
TAN groundwater (1 liter) collected in June 2001 was directly transferred into the bioreactor in an anaerobic glove box containing 90% N 2 , 5% CO 2 , and 5% H 2 by a sterile technique. The bioreactor culture was amended with lactate (10 mM, nominal concentration) and TCE (nominally 7.6 M) and incubated statically at 12°C to mimic the average in situ temperature of the aquifer. Liquid samples (10 ml) were collected weekly and analyzed for lactate, acetate, propionate, butyrate, TCE, cis-and trans-DCE, VC, ethene, methane, and pH. One quarter of the total volume was removed weekly via fill and draw and replaced with fresh TAN groundwater collected monthly between June 2001 and November 2001 and amended with TCE (7.6 M) and lactate (10 mM). This was performed to ensure recruitment of the populations present in the field to the laboratory culture. After 4 months of incubation, reductive daughter products (cis-DCE, VC, and ethene) were not observed in the bioreactor. It was suspected that short hydraulic retention times (approximately 4 weeks) were insufficient to allow growth of dechlorinators at 12°C. Therefore, in November 2001, one-half of the volume was replaced with fresh groundwater and the headspace was flushed for 1 h with sterile N 2 (100%) to remove hydrogen introduced in the glove box. The bioreactor was amended with lactate (10 mM), TCE was increased to 76 M, and the consortium was incubated at 12°C as before. Samples were removed regularly for chemical analyses (10 ml) and DNA extraction (30 ml); however, the hydraulic retention time was increased to approximately 100 weeks. The volume removed was replaced with fresh groundwater collected in December 2001 and January 2002.
Chemical analyses. TCE, cis-and trans-DCE, and VC were analyzed by the solid-phase microextraction (SPME) technique (4) . Briefly, liquid samples (5 ml) were placed in glass serum bottles (25 ml), which were evacuated and sealed with gray butyl Teflon-lined septa, and equilibrated for 3 h at room temperature. A 0.75-m-pore-size Carboxen polydimethylsiloxane-coated fiber (Supelco) was used to sorb headspace gas for 15 min and was then desorbed into the injector of a Hewlett-Packard model 5890 series II gas chromatograph (GC) equipped with a 30-m, 0.32-mm-i.d. (1.8-m film thickness) RTx-624 chromatography column (Restek). The injector was fitted with a 1-mm SPME liner and maintained at 250°C. Helium was used as the carrier gas at a flow rate of 2 ml min Ϫ1 . The column temperature was initially maintained at 60°C for 6.5 min and then increased to 180°C at a rate of 70°C min Ϫ1 . Analytes were detected with a flame ionization detector (FID) maintained at 280°C. The minimum detection limit for TCE, DCE, and VC was 5 ppb. Aqueous-phase concentrations of the analytes were calculated with Henry's constants (29) .
Analysis of ethene, ethane, and methane was performed by injecting a headspace sample (100 l) from a 5-ml aqueous sample prepared for the chloroethene analysis above into the Hewlett-Packard model 5890 series II GC equipped with an FID and a 0.53-mm (i.d.) Rt alumina column (Restek). Helium was used as the carrier gas at a flow rate of 6.5 ml min Ϫ1 . Throughout the assay, the temperature of the column was maintained at 80°C, the injector was maintained at 250°C, and the detector was maintained at 275°C. The minimum detection limit for ethene, ethane, and methane was 1 ppb by volume.
Samples for acetate, propionate, and butyrate measurements were prepared by filtering (0.2-m-pore-size filter) samples and adjusting the pH to 2.0 with concentrated phosphoric acid. Typically, 100 l of acid was added per 0.5 ml of filtrate, and 1.0 l of the acidified solution was injected directly into the model 5890 GC equipped with an FID and a 30-m, 0.53-mm-i.d. (0.5-m film thickness) Nukol column (Supelco). Helium, which was used as the carrier gas, was delivered at a flow rate of 8.2 ml min Ϫ1 . The column temperature was maintained at 125°C, and the injector and detector temperatures were maintained at 225 and 250°C, respectively. The minimum detection limit for acetate, propionate, and butyrate was 5 ppm.
Lactate concentration was measured in groundwater filtrate with a Dionex 4500i ion chromatograph equipped with an IonPac ICE-AS6 column and a conductivity detector. A 0.4 mM nitric acid solution was used as the eluant at a flow rate of 1. Extraction of nucleic acids. Triplicate 35-ml aliquots of TAN groundwater and 10-ml aliquots of laboratory culture were centrifuged (20,000 ϫ g) for 20 min to obtain cell pellets. The groundwater and culture samples contained approximately 10 7 cells ml Ϫ1 (determined by direct counts with acridine orange). The supernatant was decanted, and the cell pellets were resuspended in 500 l of DNase-free water (Promega). Community DNA was extracted with the FastDNA SPIN kit for soil (Bio 101) according to the manufacturer's instructions and eluted in nuclease-free water (50 l). The triplicate extractions were pooled and stored at Ϫ20°C.
16S ribosomal DNA (rDNA)-targeted PCR. PCR was used to amplify nearly full-length 16S rRNA genes from Bacteria and Archaea. Each 50-l PCR mixture included 0.4 mg of molecular-grade bovine serum albumin (Sigma Chemicals) ml Ϫ1 , 1ϫ PCR buffer (Promega), 1.5 mM MgCl 2 , 0.5 M (each) forward and reverse primer (Invitrogen), 1 U of Taq DNA polymerase (Promega), 0.2 mM (each) deoxynucleoside triphosphate (Invitrogen), 1 l of template DNA, and molecular-grade water (Promega). Universal primer 1492R (5Ј-GGT TAC CTT GTT ACG ACT T-3Ј) was used in conjunction with either eubacterial primer 8F (5Ј-AGA GTT TGA TCC TGG CTC AG-3Ј) or archaeal primer 4F (5Ј-TCC GGT TGA TCC TGC CRG-3Ј) (12) , targeting the 16S rRNA genes of Bacteria and Archaea, respectively. Amplification was performed on a Perkin-Elmer model 9600 thermocycler by the following regimen: 95°C (5 min), followed by 25 cycles of 95°C (1 min), 53.5°C (1 min), and 72°C (1 min). The reaction was finished with an additional 7 min at 72°C. PCR products were examined in a 1.2% agarose gel prior to clone library construction to confirm specificity of the amplification reactions. Dehalococcoides spp. were targeted with primers Fp DHC 1 (5Ј-GAT GAA CGC TAG CGG CG-3Ј) and Rp DHC 692 (5Ј-TCA GTG ACA ACC TAG AAA AC-3Ј), corresponding to base positions 1 to 17 and 692 to 673, respectively (35) .
PCR for terminal restriction fragment length polymorphism (T-RFLP) employed primers 8F, modified with phosphoramidite fluorochrome 5-carboxyfluorescein (FAM; Invitrogen), and 907R (5Ј-CCG TCA ATT CMT TTR AGT TT-3Ј) for the Bacteria and 4F, modified with FAM, and 958R (5Ј-YCC GGC GTT GAM TCC AAT T-3Ј) (12) for the Archaea. Each PCR (50-l mixture) was performed in triplicate by the PCR and thermocycler protocols described above.
Construction of bacterial and archaeal 16S rDNA clone libraries. Nearly full-length 16S rDNA PCR products amplified from the TAN groundwater community and nearly 700-bp fragments from Dehalococcoides-specific PCR were purified (QIAquick PCR purification kits; QIAGEN) and cloned into the p-GemT Easy vector (Promega) according to the manufacturer's instructions. Transformants were selected with standard blue-white screening on plates of S-Gal (3,4-cyclohexenoesculetin-␤-D-galactopyranoside; Sigma) with ampicillin. Plasmids were purified from 139 transformants from the bacterial library, 45 from the archaeal library, and 5 from the Dehalococcoides library. Plasmid DNA was extracted and purified from cultures of each clone grown in 1 ml of TPYNG medium (66) containing ampicillin with the QIAprep Spin Miniprep kit (QIAGEN). The purified plasmids were subjected to PCR with primers M13F (5Ј-GTA AAA CGA CGG CCA G-3Ј) and M13R (5Ј-CAG GAA ACA GCT ATG AC-3Ј), flanking the insertion site on the vector, to reamplify the insert; PCR reagents and conditions were as described above. Fifteen microliters of reamplified inserts was digested in NEB2 buffer (New England Biolabs) with the restriction endonucleases MspI (1 U) and HinpII (1 U) (37°C, 6 h) for restriction fragment length polymorphism (RFLP) analysis, and resolved in a 3% agarose gel (NuSieve).
Sequencing and phylogenetic analysis. One representative of each unique RFLP type (phylotype) from the bacterial and archaeal libraries and two from the single Dehalococcoides RFLP type were sequenced with primers M13F, M13R, 515F (5Ј-GTG CCA GCM GCC GCG GTA A-3Ј) (63), 519R (5Ј-ATT ACC GCG GCT GCT GG-3Ј), 906F (5Ј-GAA ACT TAA AKG AAT TG-3Ј) (63) , and 907R (5Ј-CCG TCA ATT CCT TTR AGT TT-3Ј) (46) to obtain greater-than-twofold average coverage of the entire insert. Sequencing reactions employed the ABI PRISM BigDye terminator cycle sequencing ready reaction kit (Applied Biosystems) and model 3700 automated DNA sequencer (Applied Biosystems). The sequences were assembled and aligned with EditSeq and SeqMan software (DNASTAR). Sequences were initially aligned against known sequences (GenBank database) with the BLAST tool (3) provided by the National Center for Biotechnology Information prior to phylogenetic analyses. The Ribosomal Database Project (9) Chimera Check program and secondary structure determination were used to check the partial 16S rRNA gene sequences for potential chimeric artifacts. Potentially chimeric sequences were not given further consideration. Sequences with Ն97% sequence similarity to one another were considered indistinguishable and were viewed as belonging to a single phylotype (75) .
The determined sequences of all nonchimeric cloned 16S rRNA genes from the TAN groundwater community were aligned with sequences included in the ARB database or obtained from the EMBL Nucleotide Sequence Database (http://www.ebi.ac.uk) with the tools implemented in the ARB package (http: //www.arb-home.de). The resulting alignment was visually inspected, and potential errors were subsequently corrected manually. Evolutionary distances were calculated based on the algorithms of Jukes and Cantor (43) or Felsenstein (21) using neighbor-joining and parsimony methods of tree reconstruction, as implemented in the ARB program package.
T-RFLP analysis of TAN groundwater and bioreactor communities. The triplicate PCR products generated from each DNA sample (combined triplicate extractions) were combined and purified with the QIAquick PCR purification kits (QIAGEN). PCR product concentration was estimated by measurement of absorbed UV light at a of 260 nm. Approximately 200 ng of PCR product was digested with MspI (1 U) or HhaI (1 U) (New England BioLabs; 37°C, 3 h) for Bacteria and Archaea, respectively. The digested fragments were purified by ethanol precipitation as described elsewhere (66), and the DNA pellet was resuspended in 10 l of DNase-free water. Samples were denatured by heating to 95°C for 3 min followed by submersion in an ice bath. The denatured DNA (2 l), along with the internal standard Rox 1000 (Applied Biosystems), was loaded onto a model 377 DNA sequencer (Applied Biosystems). The resulting data were analyzed with Genescan, version 2.1 (Applied Biosystems).
Each PCR product was digested once, and each digest was run in triplicate on the DNA sequencer to generate replicate T-RFLP profiles of the TAN groundwater and bioreactor samples. These replicates were aligned manually, and composite profiles were generated as described previously (16, 17) . Methods described by Dunbar et al. (16, 17) were used to ensure that the fragments compared between the groundwater and laboratory cultures were real and not artifacts of the method. Therefore, only those fragments exhibiting high reproducibility were evaluated. Briefly, terminal restriction fragments (T-RFs) in different replicates that differed by less than 0.5 bp were considered identical and assigned the average size and peak heights of the fragments making up the composite T-RF. Any T-RF not present in all of the replicate profiles was discarded. Likewise, any T-RF within a composite profile with peak height averaging Յ25 fluorescence units was also discarded. The sum of all T-RF peak heights Ն25 (Bacteria) or Ն50 (Archaea) florescence units was used as an indicator of the total DNA quantity represented, and peak heights were normalized to the replicate with the lowest total fluorescence.
Many of the T-RF peaks represented in the TAN groundwater and bioreactor were indirectly identified by digesting individual clones from 16S rDNA libraries and identifying their corresponding T-RFs. The PCR and T-RFLP protocols were the same as those described above except that 25 ng of plasmid was used as the PCR template. Although each clone generated a single T-RF, multiple clones frequently generated the same size T-RF (18) . Theoretical T-RF sizes were also determined in silico by locating restriction sites within the clones.
Diversity indices. Once the community profiles were normalized, statistical parameters to measure diversity, relative abundance, and similarity were calculated for the T-RFLP profiles and for the clone libraries so that the communities could be compared as described previously (17) by using the Jaccard coefficient to estimate the similarity of the communities and the Shannon and Simpson indices to estimate diversity.
Nucleotide sequence accession numbers. All clone sequences have been deposited in the GenBank, DDBJ, and EMBL databases under accession numbers AY667249 to AY667274, as indicated in Tables 1 and 2. RESULTS TAN groundwater chemistry. Groundwater chemical characteristics in well TAN-25 are described in detail elsewhere (54, 72) . Briefly, lactate injection resulted in dramatic increases in chemical oxygen demand and organic acids, a subsequent decrease in oxidation-reduction potential, complete removal of sulfate, an increase in dissolved iron, generation of methane, and a reduction of all aqueous-phase TCE to ethene, which has VOL. 70, 2004 TCE DECHLORINATION AT TEST AREA NORTH 7331 been maintained since 1999. The sample from 8 November 2001 was collected 1 week following a lactate injection. Bacterial community structure. DNA was extracted from groundwater at well TAN-25 and used to construct a clone library of nearly full-length bacterial 16S rRNA genes. One hundred thirty-nine clones were screened by RFLP analysis and grouped according to RFLP type. Highly similar sequences (Ն97% sequence similarity) were considered indistinguishable (75) , resulting in the identification of 53 unique phylotypes within the bacterial library. Approximately 82% of the clones were observed multiple times, suggesting that reasonably sufficient coverage of the library had been achieved (53) . Of the 53 bacterial phylotypes, 31 were potentially chimeric (discussed further below) and were thus removed from diversity analyses. The 22 nonchimeric phylotypes, representing 93 of the 139 clones, were aligned against the GenBank database and are described in Table 1 . The bacterial library was predominated by members of the Clostridia, which constituted 57 of the 93 clones, or 61% of the library. Of these, the most abundant phylotype was represented by clone TANB55, most closely related to the homoacetogen Acetobacterium sp. strain HAAP-1 (2) (99.5% sequence similarity, 32 of 93 clones); Acetobacterium malicum is the most closely related organism identified to the species level (98.7% sequence similarity). Clone TANB7 had 98% sequence similarity with another clone, WCHB1-82, recovered from a hydrocarbon-and chlorinated-solvent-contaminated aquifer undergoing natural attenuation (14) . Similarly, clones TANB5 and TANB18 had Ն98% similarity with clones from TCE-and cis-DCE-dechlorinating consortia (31) .
Eleven clones representing two phylotypes were most closely affiliated with a class of common soil and water Bacteria, the Sphingobacteria. Another 13 clones appeared to be affiliated with the proposed phyla OP11 and OP3, of which, to our knowledge, there are currently no isolated representatives (61) . Clones TANB22 and TANB37 had high sequence similarity with clone d153, recovered from a TCE-contaminated site undergoing natural attenuation (50) . The remaining phylotypes were most similar to species of Bacteroides, Spirochaetes, Mollicutes, and Proteobacteria. Only two proteobacterial clones were observed. Clone TANB142 was nearly identical to the ␦-Proteobacterium Trichlorobacter thiogenes, a trichloroacetic acid-degrading microorganism in the proposed family Geobacteraceae (13, 71) . The other Proteobacterium, TANB6, was most similar to the PCE and TCE dechlorinator Sulfurospirillum multivorans (previously classified as Dehalospirillum multivorans and recently transferred to the genus Sulfurospirillum) (51, 67) .
The phylogenetic trees in Fig. 1 and 2 depict the relationships among the 23 bacterial phylotypes (including Dehalococcoides) from TAN groundwater and include several reference strains from the Bacteria, including some organisms known to (Fig. 2) . Indeed, only three of the nine representatives of this division bear any Fig. 2 . The tree is based on a selection of 207 species representing the various depicted classes and orders of Bacteria, including several species of Archaea used to define the root (not shown). The reconstructed tree is a consensus tree based on maximum-parsimony and neighbor-joining calculations. Bootstrap values (1,000 resamplings) are shown only at the branching points of TAN clone sequences and refer to the neighbor-joining treeing method (21) using the algorithm described by Jukes and Cantor (43) to calculate phylogenetic distances. Scale bar, 10% estimated sequence divergence.
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ significant relatedness (Ն95% sequence similarity) to cultured organisms (Table 1) . PCR amplification of similar DNA sequences can result in the formation of chimeras (75) . One reason that a large proportion of our bacterial library was potentially chimeric (46 of 139 clones) may be the prevalence of very similar sequences, which has been shown to increase the incidence of chimeras (75) . Although it is difficult to make sense of chimeric sequences, fragments of these clones were similar to those of some identifiable organisms, most of which were represented by nonchimeric clones in this study. The largest fragments aligned best with 16S rRNA genes from Acetobacterium spp., Clostridium spp., and other Clostridia, Bacteroides, ␦-and ε-Proteobacteria, candidate phyla OP3 and OP11, Mollicutes, and Verrucomicrobia (data not shown). Of these, the clone containing the Verrucomicrobia fragment was a member of the only taxon not represented in the portion of the library used for analysis.
Detection of Dehalococcoides spp. Approximately 700-bp PCR amplicons were generated from TAN groundwater with primers Fp DHC 1 and Rp DHC 692, specific for the genus Dehalococcoides (35). These PCR products were then cloned, and five 16S rRNA gene clones were screened via RFLP. All of the clones had the same RFLP pattern, and two of the clones were sequenced to confirm their affiliation with the genus Dehalococcoides. The clones had 99% sequence similarity with one another, and one of the two was 100% identical to the 16S rRNA gene from the cocultured organism Dehalococcoides sp. strain FL2 (48) ( Table 1 and Fig. 1) .
Archaeal community structure. Forty-five archaeal 16S rRNA gene clones were screened by RFLP and grouped into RFLP-defined phylotypes. Fully 100% of the archaeal clones were observed multiple times. By applying a minimum threshold of 3% sequence dissimilarity, five unique phylotypes were identified, one of which was potentially chimeric and thus disregarded. All four nonchimeric sequences had Ն96% similarity with 16S rRNA genes from methanogens in the GenBank database (Table 2) , displaying far less diversity than pristine regions of the aquifer (60) . The library was predominated (more than 50% of the archaeal clones) by a phylotype represented by clone TANA2, which has 98% sequence similarity with the acetoclast Methanosaeta concilii. The remaining clones were most similar to Methanospirillum hungatei, Methanosarcina lacustris, and an environmental clone affiliated with the Methanomicrobiales. The largest fragment of the chimeric clone was most similar to Methanospirillum hungatei (data not shown).
The tree in Fig. 3 depicts relationships among the four archaeal 16S rDNA phylotypes from TAN groundwater and reference strains from the Archaea. Clone TANA6 is part of a deep branch within the Methanomicrobiales that has no cultured representatives. All of the archaeal clones appear to be affiliated with methanogenic microorganisms.
Development of TCE-dechlorinating activity in the laboratory. Groundwater from well TAN-25 was used to inoculate a bioreactor in the laboratory that was monitored for chloroethenes, organic acids, and methane (data not shown). Once the hydraulic retention time was increased in November 2001 (see Materials and Methods), the development of TCE-dechlorinating activity within the laboratory culture occurred in two distinct stages: (i) nearly stoichiometric dechlorination of TCE to cis-DCE within 25 days of inoculation and (ii) dechlorination of cis-DCE to VC and ethene after 48 days.
The fate of the electron donor within the bioreactor was also tracked throughout the 67-day sampling period. Similar to what was observed at the TAN field site (54, 72) , lactate was fermented in the bioreactor to propionate and acetate in a ratio slightly greater than 1:1 and maintained during the entire study period.
Methane was also observed in the bioreactor. Methane con- (65) was used to reconstruct the matrix, and the algorithm described by Jukes and Cantor (43) was used to calculate phylogenetic-distance values. Only bootstrap values above 80% (1,000 resamplings for each node) are shown at the respective branching points. Scale bar, 10% estimated sequence divergence. T-RFLP analysis of the TAN groundwater community. T-RFLP analysis was performed with TAN groundwater DNA in triplicate. The composite bacterial profile contained 43 repeatable T-RFs (Fig. 4A) . The values for peak heights generated in the replicate profiles for each T-RF were within 10% of each other. The T-RFs were compared to those generated from the TAN groundwater clone library to provide tentative identification. Fifteen of the 43 community T-RFs corresponded to at least one clone in the library, accounting for 59% of the total fluorescence. Twelve of these could be confidently assigned to a single clone, while the other three corresponded to multiple clones (T-RFs 90, 262, and 520; Table 1 ). The 28 unidentified T-RFs accounted for the remaining 41% of the total fluorescence.
Three of the largest peaks within the TAN groundwater bacterial profile, T-RFs 218, 224, and 300, all corresponded to the phylotype represented by clone TANB55, which was most similar to Acetobacterium sp. strain HAAP-1. Three separate clones generated these three T-RFs, comprising 24% of the total fluorescence, but the sequences were greater than 97% similar to one another and were thus pooled into one phylotype. T-RFs corresponding to clones from the class Clostridia (including Acetobacterium spp.) accounted for 42% of the total fluorescence within the groundwater T-RFLP profile. The 514-bp T-RF predicted for the Dehalococcoides clone (TANDhc2) based on sequence analysis was present in the groundwater bacterial T-RFLP profile and was not produced by any of the other clones in the library ( Fig. 4A ; Table 1 ). The only other known dehalorespirer detected was Sulfurospirillum multivorans (T-RF 469). Other T-RFs that were correlated with the clone library represent five additional orders and are shown in Table 1 .
The groundwater archaeal T-RFLP profile contained six reproducible T-RFs, three of which could be assigned to one or more of the clones in the library ( Fig. 4B; Table 2 ). The predominant T-RF in the archaeal profile, responsible for 83% of the total fluorescence, was T-RF 196, which corresponded to clone TANA2 (most similar to Methanosaeta concilii). T-RF 329 corresponded to archaeal clone TANA1 (Methanosarcina lacustris) and comprised 1% of the total fluorescence. T-RF 335 was generated by two clones, TANA5 and TANA6 (Methanomicrobiales spp.) and comprised 1.6% of the total fluorescence. Three T-RFs from the groundwater community were not identified based on the clone library and contributed 14% of the total fluorescence.
T-RFLP analysis of the dechlorinating laboratory consortium. T-RFLP analysis was performed in triplicate on the dechlorinating consortium that was enriched in the bioreactor 67 days after the increase in hydraulic retention time (Fig. 5) . T-RFLP analysis of the bioreactor consortium enriched with a 4-week hydraulic retention showed far less diversity than that shown in Fig. 5 (data not shown) . The composite bacterial profile from the bioreactor contained 22 reproducible T-RFs (Fig. 5A) . Nine of the bacterial T-RFs could be correlated to T-RFs identified in the groundwater clone library ( Fig. 5A ; Table 1 ). Fluorescence from bioreactor T-RFs corresponding to clone TANB55 (218, 224, and 300 bp), most closely affiliated with Acetobacterium sp. strain HAAP-1, comprised 34% of the total fluorescence from all bacterial T-RFs in the consortium. T-RFs corresponding to groundwater clones affiliated with the class Clostridia (218, 224, 300, 315, 288, 230, 520, and 295 bp) accounted for 54% of the total fluorescence. Other bacterial fragments corresponding to groundwater clones included T-RF 90 (clones TANB3 and TANB53, affiliated with the order Sphingobacteriales) and T-RF 123 (clone TANB18, affiliated with the order Spirochaetales) ( Table 1) .
The T-RF corresponding to Dehalococcoides clone TANDhc2 (514 bp) was not present in the laboratory consortium T-RFLP profile (Fig. 5A) . Note, however, that amplification of groundwater and bioreactor DNA with the Dehalococcoides-specific primers generated an amplicon of the expected size (data not shown), suggesting that Dehalococcoides cells were present in the consortium but were below the T-RFLP method detection limit. 
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The archaeal T-RFLP profile in the bioreactor consortium contained seven repeatable T-RFs, three of which could be assigned to clones from the TAN archaeal clone library ( Fig.  5B ; Table 2 ). T-RF 196, associated with clone TANA2 (affiliated with Methanosaeta concilii), contributed 78% of the total fluorescence in the bioreactor T-RFLP profile. T-RF 335, corresponding to clones TANA5 and TANA6 (Methanomicrobiales spp.), accounted for 8% of the total fluorescence. The T-RF corresponding to clone TANA1, most similar to Methanosarcina lacustris, contributed only 2.4% of the total fluorescence. The remaining four T-RFs contributed 11.6% of the total fluorescence.
Comparison of microbial diversity in the laboratory bioreactor consortium to that in the TAN groundwater community. For the diversity calculations, it was assumed that every T-RF represented a different species within the microbial communities and that the proportion of each T-RF's fluorescence intensity (peak height) to the total fluorescence of the community profile was reflective of that species' relative abundance within the community. In the present study, three T-RFs (90, 520, and 262 bp) were correlated to multiple clone phylotypes, but all of the phylotypes were related (Sphingobacteriales, Bacteroidales, and candidate division OP11), and therefore the Jaccard coefficient measured the presence or absence of these groups. Relative abundance is used here not to estimate the actual abundance of a given phylotype in the community but rather to track changes in predominance from the groundwater community to the bioreactor consortium. The relative proportion of a given RFLP pattern from the TAN groundwater clone library was used as another indicator of relative abundance for comparison to the fluorescence approach.
Richness of Bacteria in TAN groundwater estimated from the T-RFLP profile was double that estimated from the clone library data (43 versus 22 unique phylotypes; Table 3 ). This is partially the result of having pooled clones with Ն97% similarity to one another (e.g., TANB55 is represented by three T-RFs). Another explanation of the lower richness in the clone library is the poorer sensitivity of clone screening compared to that of T-RFLP; for a phylotype to be recognized in a library of 100 randomly sampled clones it must make up at least 1% of the library. The richness of Bacteria in the bioreactor consortium was estimated at 22 according to the T-RFLP profile, about one-half that of the TAN groundwater Bacteria T-RFLP.
The Jaccard similarity coefficient, which considers only the presence or absence of a population and not relative abundance, indicated that the two bacterial communities shared only 33% of their total species, suggesting considerable differences in community composition. The Shannon (H) and Simpson (D) indices, which consider both richness and evenness, were greatest for the Bacteria in TAN groundwater based on T-RFLP data ( Table 3 ). The Shannon function, which weighs evenness more heavily than the Shannon or Simpson indices (1.0 indicates perfect evenness), was greater for the field community (0.87) than for the laboratory consortium (0.64) ( Table 3) .
Diversity of Archaea in TAN groundwater and in the bioreactor consortium was considerably lower than that of Bacteria ( Table 3 ). The Jaccard coefficient of 0.83 suggests that the archaeal T-RFLP from the bioreactor was very similar to that of TAN groundwater. Shannon and Simpson diversity indices for the archaeal communities were highest for the clone library from TAN groundwater, probably due to the poor evenness of the T-RFLP profiles of groundwater and bioreactor Archaea. Only the TAN groundwater clone library displayed substantial evenness (Shannon function; E) among the Archaea.
DISCUSSION
In this study, molecular analyses allowed elucidation of the structure of a microbial community that reductively dechlorinates TCE to ethene in deep, fractured basalt due to biostimulation with sodium lactate and also of the laboratory culture derived from this groundwater community. Comparison of the laboratory consortium with the field community illustrates that, although the laboratory consortium was much less diverse, the major populations involved in electron donor utilization appeared to be preserved. The indices demonstrate that some bacterial diversity, including both richness and evenness, was lost during transfer to laboratory conditions. Accounting for this loss of diversity may be important when interpreting data from laboratory enrichments used to simulate field processes. While the desired function (dechlorination) was retained in this case, a function being evaluated could be lost during laboratory enrichment, particularly if the microbial community has not already been enriched in the field. Furthermore, if a new set of conditions is applied to a laboratory enrichment community whose diversity is much less than that of the field community, the response of the enrichment community may not be representative of the field. The TAN groundwater community had many similarities with those of other dechlorinating sites. Although not as dominant as they were at TAN, Clostridia were also present in an aquifer where TCE was being intrinsically degraded predominantly to cis-DCE at the Lawrence Livermore National Laboratory (50) , in an aquifer undergoing intrinsic natural attenuation of hydrocarbons and chlorinated alkanes at Wurtsmith Air Force Base (14) , and in a predominantly Fe(III)-reducing TCE-contaminated aquifer (36, 85) . All three of these other sites also had members of candidate division OP11, and the two of the three sites where complete declorination was observed had green nonsulfur Bacteria (the group to which Dehalococcoides is most similar). A significant difference between the biostimulated TAN community and the others was the predominance of Proteobacteria in the three previous studies without biostimulation, as opposed to the predominance of Clostridia at TAN.
Of particular interest is the Wurtsmith Air Force Base study (14) because it is the only study for which Archaea were characterized. Interestingly, as observed at TAN, the archaeal communities were predominated by one clone that was most closely related to the acetoclastic Methanosaeta concilii. As one of the abundant bacterial clones was most similar to species of the acetogenic genus Syntrophus, the authors suggested a syntrophic relationship between these two populations, although the tie to attenuation of organic contaminants was not discussed.
To our knowledge, there have been no published characterizations of field communities undergoing biostimulation; therefore, direct comparison of the TAN field community to other biostimulated field communities cannot be made. However, the TAN laboratory enrichment can be directly compared to other laboratory enrichments undergoing dehalogenation to provide insight into the similarities and differences of functional groups active in these systems. Similar to what was found for TAN, Richardson et al. reported that, in an enriched TCEdechlorinating community from Alameda Naval Air Station in California, low-GϩC gram-positive species were a significant proportion of the total community, as were species associated with the Cytophaga/Flavobacterium/Bacteroides cluster (64) . One distinct difference between this culture and that from TAN, however, was that Desulfovibrio spp. were implicated in lactate fermentation, providing hydrogen and acetate to Dehalococcoides. In the TAN culture, however, it appears that Acetobacterium spp. largely play this role.
In a PCB-dechlorinating mixed community, low-GϩC grampositive species and Dehalococcoides spp. were also present (62) . As in the Richardson et al. culture (64) , this culture contained fermentative sulfate reducers (including Desulfovibrio and Desulfuromonas spp.), as opposed to the homacetogens present in the TAN community. It is interesting that the Richardson et al. (64) and Pulliam-Holoman et al. (62) enrichments were incubated at 25 to 30°C, in contrast to the incubation of the TAN enrichment at 12°C. Archaea in the PulliamHoloman culture were also characterized and were dominated by methanogens, including the strictly acetoclastic Methanosaeta concilii, which comprised 6 of 24 RFLP types.
Similar to what has been seen at other sites, lactate additions at TAN led to dechlorination of TCE to ethene in two distinct stages (72) . In the first stage, TCE was reduced to cis-DCE. Microorganisms with enzymes from the acetyl-coenzyme A pathway, including acetogens and acetoclastic methanogens, may play a role in this first stage of dechlorination due to an abundance of transition metal corrinoid cofactors (15, 20, 42) . Corrinoid-dependent dechlorination has been demonstrated in methanogenic and acetogenic consortia and isolates (6, 19, 24, 26, 40, 41, (79) (80) (81) (82) 84) , as well as dehalorespiratory isolates (1, 27, 41, 44, 52, 59, 67, 70) . Our knowledge of microorganisms that can participate in the second stage of dechlorination, namely, the reduction of cis-DCE and VC, is currently limited to the genus Dehalococcoides (11, 33, 56) . This taxon was detected at TAN and is likely supported by homoacetogenic Bacteria, which provide a source of fixed carbon and hydrogen. Corrinoids may also provide a source of vitamin B 12 , an essential nutrient for Dehalococcoides (55) .
Homoacetogenic Bacteria in the TAN groundwater and laboratory culture appear to maintain a syntrophic or commensal relationship with acetoclastic and acetate-assimilating methanogens and/or dechlorinators. Homoacetogens produce acetate as the primary end product from energy-yielding metabolism of a variety of substrates, including H 2 and CO 2 and/or lactate (15 
Propionate is present at TAN in a nearly 1:1 ratio with acetate (54) , suggesting that lactate is also being fermented by nonhomoacetogens according to the reaction (30, 68) (55, 56) . The methanogens at TAN were all either acetoclastic (clones TANA1 and TANA2) or acetate assimilating (clones TANA5 and TANA6) (83) , including a clone closely affiliated with the obligate acetoclast Methanosaeta concilii, making up more than one-half of the library. Methanospirillum hungatei has even been shown to exhibit chemotaxis toward acetate (57) . Obligately hydrogenotrophic methanogenic taxa were not detected. Characterization of other methanogenic communities has shown that the acetoclastic pathway for methanogenesis is favored over the hydrogenotrophic pathway at low temperatures (15°C) in contrast to high temperatures (30°C) (8, 23) . Similarly, at lower temperatures hydrogenotrophic acetogenesis is less favored than acetogenesis from fermentation of complex sugars (23) . The year-round low temperatures in the TAN aquifer (ca. 12°C), mimicked in the laboratory culture, along with the accumulation of acetate from several of the reactions described above, may thus suppress hydrogenotrophic acetogenesis and methanogenesis, minimizing competition with hydrogenotrophic dechlorinators. This suggests that hydrogenotrophic methanogenesis, which is often portrayed as being detrimental to dechlorination because of competition with hydrogenotrophic dechlorinators (22) , is less important at TAN than acetoclastic methanogenesis. Likewise, efficient dechlorination of the TCE residual source at TAN over the last 5 years in conjunction with active methane production suggests that the methanogenesis occurring at TAN does not negatively impact dechlorination over the long term. As additional insight on relationships between dechlorinators and other populations in complex, dechlorinating field communities is gained, the ability to optimize contaminant degradation during biostimulation or bioaugmentation will be significantly improved.
